The use of computers to simulate the functions of complex biological macromolecules is essential to achieve a microscopic description of biological processes and to model and interpret experimental data. Here we apply theoretical computational approaches to investigate the fidelity of T7 DNA polymerase, divided into discrete steps that include contributions from substrate binding, pKa shifts, and rate constants for the PO bondbreaking and bond-making processes. We begin by defining the discrimination between right and wrong nucleotides in terms of the free energy landscape for the dNMP incorporation reaction. We then use the linear response approximation and the empirical valence bond methods to obtain converging results for the contribution of the binding and chemical steps to the overall fidelity. These approaches are successful in reproducing general trends in the observed polymerase incorporation fidelity. The calculations demonstrate the potential for further integration of theoretical and experimental studies to analyze high-and low-fidelity DNA polymerases.
T he emergence of force field analysis along with the introduction of a convenient Cartesian representation (1) has led to general computer programs aimed at describing conformational and vibrational states of arbitrary molecules and the energy refinement of protein structures (2) . The ability to represent protein structures by computer programs suggested that similar methods could be used in studies of the actual biological function of proteins. At that time, however, it was not clear how to extend force field approaches to studies of bond-breaking and bond-making reactions, nor was it obvious how to devise general approaches for computer modeling of biological processes. Perhaps one could have adopted methods similar to those used in studying the reactions of small molecules. However, advances in the rigorous modeling of chemical processes in small molecules seemed insufficient to apply to large biological macromolecules, including proteins and enzymes. It was found, however, that relatively simple intuitive approaches could be used effectively to simulate a wide range of protein functions (3) .
An important advance was the development of methods that used the reaction in solution as a reference system for the investigation of the same reaction in the protein. Using solution reference systems eliminated the need to evaluate the potential surface of the reacting molecule with high absolute accuracy, thus paving the way for efficient computer simulations of redox centers (4), ligand binding and pK a calculations (5) , signal transduction (6), mechanochemistry (7), proton pumping (8) and enzyme function in general (9) . Different methods have been developed for modeling diverse functions, ranging from semiclassical surface hopping for fast light-induced processes (e.g., vision and photosynthesis) (3) to hybrid quantum mechanical͞molecular mechanics approaches to investigate enzymatic reactions (9) . To demonstrate such approaches, we focus here on the fidelity of bacteriophage T7 DNA polymerase, a high-fidelity replicative polymerase required to copy the phage genome.
The reproduction of life depends on the accurate replication of the genome, which is facilitated by DNA polymerases (10) . The synthesis of new DNA molecules would be impossible without these enzymes because they increase the rate of the phosphodiester bond formation by many orders of magnitude compared with the corresponding reaction in water (11) . DNA polymerases selectively catalyze the reaction not for a single substrate, as most other enzymes do, but instead use four structurally distinct dNTP substrates. The incorporation of a right dNTP substrate (R) is strongly favored at each template site in accordance with Watson-Crick base-pairing rules. Evolution, in contrast to the accurate reproduction of life, is driven in part by heritable mutations caused by relatively rare misincorporations of a wrong dNTP substrate (W).
At the polymerase insertion step, the nucleotide insertion fidelity at a specific template site is defined as the number of total insertions, I(R) ϩ I(W), divided by the number of wrong insertions, I(W). The fidelity of DNA polymerases can range from 10 4 to 10 6 for high-fidelity replicative polymerases, such as T7 pol (12) to Ϸ10-10 3 for error-prone polymerases involved in translesion synthesis (13) . To compare the observed fidelity with the fidelity calculated by all atom simulations, it is more convenient to use the misinsertion ratio, f ins ϭ I(W)͞I(R), which is directly related to the difference between the free energies of the rate-limiting activated complexes of R and W (14, 15) . This parameter is typically obtained from kinetic experiments that measure the specificity, k pol ͞K m , for insertion of W and R nucleotides. This relationship can be used to correlate the structural components of the protein-DNA-dNTP complex with their functional role. The key aspect of insertion fidelity is that it is several orders of magnitude larger than what would be expected from the energetics of Watson-Crick basepairing in the end of DNA helix in water (16) . Biochemical (12, (17) (18) (19) (20) (21) (22) and structural (23) (24) (25) studies have provided crucial information about the origin of the large fidelity of DNA polymerases. However, we are still far from having quantitative understanding of the factors that control this essential biological function. To understand polymerase fidelity at an atomic level it is essential to quantify the role of the active sites of DNA polymerases in the catalytic formation of the PO bond between the 3ЈOH group of the terminal nucleotide of the primer DNA strand and the P ␣ atom of dNTP. The mechanism of this reaction (Fig. 1) is fully associative, which means that the formation of the new PO bond precedes the cleavage of the bond connecting P ␣ with the ␣,␤ bridging oxygen. Two Mg 2ϩ ions, which are clearly distinguished in the crystal structure of the T7 pol ternary complex (26) , play important roles in catalysis and fidelity (27, 28) . The binding of dNTP substrate to the polymerase-DNA complex is usually accompanied by a transition from an open to closed protein conformation (24, 29, 30) . The fidelity contributions from binding and conformational transitions have been studied by all-atom computer simulations (31) (32) (33) . The energetics of the chemical steps in T7 pol were examined by empirical valence bond (EVB)-free energy perturbation calcula-tions, which also included an analysis of noncatalyzed phosphate diester hydrolysis in water (34) but did not address the differences between reactions for R and W. This work provides a more complete picture by evaluating the contributions to the fidelity of T7 pol not only from binding but also from catalysis.
Computational Issues and Approaches
Relating the Fidelity Analysis to the Free Energy Landscape. Before addressing the specific computational strategies, it is important to define the relationship between structure and fidelity in a general way that can guide such studies. The discrimination between W and R is identified as the highest (rate-determining) activation barrier along the reaction pathway, which determines the overall magnitude of the apparent second-order rate constant k cat ͞K M (9, 12, 35, 36) . In principle, any of several reaction steps may be associated with the rate-determining barrier (Fig. 2) for nucleotide insertion by DNA polymerase. For example, the barrier may correspond to the initial dNTP binding (case I), a conformational change (case II), a chemical step (case III), or the release of product (case not considered in Fig. 2 ).
Polymerase fidelity is often explained by a generic ''induced fit'' mechanism (37) in which binding to the correct substrate moves the enzyme to a much better catalytic conformation. Although induced fit is most probably valid, what is left unsaid is what the actual improved conformation is and how it provides for more efficient catalysis. The ''what'' and ''how'' are the questions that must be resolved to understand the molecular basis of the polymerase fidelity. To resolve these questions, it is essential to evaluate the key parameters in Fig. 2 by reliable theoretical approaches and to reproduce the results of relevant experimental studies. Accomplishing these tasks will allow one to identify and quantify the relationship between structure and fidelity.
The experimental information needed to construct free energy profiles of the type shown in Fig. 2 was obtained for W and R insertion by an exonuclease proofreading-deficient mutant of T7 pol (12, 29) and for mammalian polymerase ␤ (38-40). The binding-induced conformational change was found to be ratelimiting for R and partially rate-limiting for W. However, this conclusion was made by interpreting the observed kinetics rather than by direct observation.
The key hypothesis in this interpretation was that if the chemical step were rate-limiting, the k cat measured for S p -dNTP␣S substrates (i.e., substrates with one of the nonbridging oxygen atoms in the ␣-phosphate group replaced by sulfur) would have been about 100-fold smaller than for regular dNTP substrates. Because the measured rate constant for dNTP␣S was only 3-fold smaller than for dNTP, the possibility that the chemical step could be ratelimiting was excluded. However, the rates of the nonenzymatic hydrolysis (41) of the related oxygen-and sulfur-containing phosphate diesters are roughly similar, differing by no more than Ϸ4-fold, despite the fact that the chemical step must be rate-limiting for the uncatalyzed reaction. Thus, the question of whether a conformational change or chemical step may be rate-limiting for T7 pol needs to be better understood. Indeed, recent kinetic data for pol ␤ indicates that the chemistry step may be rate-limiting for incorporation of a correct nucleotide (30, 36) .
To investigate the interplay between chemistry and conformational changes, it is important to move beyond the one-dimensional description of Fig. 2 to a representation that explores the coupling between the chemical reaction coordinate and the coordinate that describes the conformational changes of the protein, as described in Discussion.
Computational Models for Structure-Function Correlation. Our primary goal is to examine the free energy landscape for W and R and to try to reproduce not only the observed difference in fidelity but also other experimental findings, such as individual binding constants and insertion rate constants for R and W dNTPs and the effects of altering active site amino acid side chains in the polymerase active cleft. Although several strategies can be used, our first priority is to find a computational approach capable of simulating the chemical step; otherwise, we cannot really address the functional issue.
In principle, we could try to describe the chemical step by ab initio quantum mechanical͞molecular mechanics, but these approaches still face major problems. For example, the use of a small basis set to speed up the calculations can result in large errors in the calculated energies and may still provide insufficient configurational sampling. Furthermore, metal ions (e.g., Mg 2ϩ ) are typically represented in the quantum region, whereas the ligands of these ions are treated classically with the result that the charges on the metal ions are not represented properly. Thus, as long as we are obliged to use semiempirical approaches, we believe that the optimal strategy is to use the EVB method (9, 42) . This approach represents a reaction in terms of resonance structures or, more precisely, mixtures of diabatic states corresponding to classical valence bond structures. The general formulation and calibration of the EVB method for the DNA polymerization reaction has been presented recently (34) .
In studying the fidelity problem, it is essential to evaluate the binding free energy (⌬G bind ) for W and R. We believe that an optimal strategy is to use the linear response approximation (LRA) (see, e.g., ref. 43) , which requires the evaluation of the average electrostatic (͗U elec,ᐉ p ͘) and van der Waals (͗U vdW,ᐉ p ͘) interaction energies of a bound ligand (ᐉ) with the rest of the simulated system.
Configurational sampling from three independent molecular dynamics (MD) simulations is needed to calculate the average energies in Eq 1. These simulations include the ligand in water (͗U w ͘ ᐉ ), the ligand inside the protein (͗U p ͘ ᐉ ), and the ligand with its atomic charges turned off (͗U͘ ᐉЈ ) in the protein. The constants ␤ and ␣ may be empirically adjusted for each class of protein͞ ligand (44) , but if LRA is strictly valid, then the theory predicts that ␤ ϭ 0.5. Ordered from the left to right, the three constituents separated by the plus sign in Eq. 1 define the electrostatic (⌬G ES ), preorganization (⌬G ES0 ), and van der Waals (⌬G vdW ) components of the binding free energy, respectively. The presence of the preorganization term in the LRA method distinguishes this approximation from a more commonly used linear interaction energy method (44).
Computational Protocol Used for T7 DNA Polymerase Simulations.
MD trajectories were calculated in a 22.5-Å simulation sphere centered on the C4Ј atom of ddGTP by using the program Q (45) . The Amber95 force field (46) was used for standard protein and DNA residues. The force field parameters used for the dNTP residues and Mg 2ϩ ions have been reported in ref. 34 . Starting structures for MD simulations were generated from the crystal structures of the ternary complex of DNA polymerase ⌻7 complexed with the DNA and ddGTP substrate (26) .
The production trajectories for LRA calculations of binding free energies in the protein and water consisted of a sequence of 1-and 5-ns simulations carried out at 298 K by using a step size of 2 fs. The parameters ␣ and ␤ (Eq. 1) were 0.56 and 0.5, respectively (31) . The nucleoside part of the dNTP was considered the ''probe'' region.
The EVB calculations were carried out at 298 K for two different mechanistic pathways that differed in the 3ЈOH deprotonation mechanism ( Fig. 1 ) and in the protonation state of the Asp-654 and His-704 residues. All essential aspects of the EVB calculations, including the reference reaction in water, have been reported elsewhere (34) . The difference between the pK a of the terminal 3ЈOH group of the primer strand (i.e., nucleophile) immersed in water and in the protein environments was calculated by using the free energy perturbation method as described in ref. 34 . See also Supporting Text, Tables 4-9, and Movies 1 and 2, which are published as supporting information on the PNAS web site.
Results
The calculations were carried out for the G⅐dCTP, C⅐dGTP, and T⅐dATP base pairs (R) and G⅐dATP and T⅐dGTP mispairs (W). All deoxynucleotides were assumed to be in their neutral canonical forms and favored anti conformation. The structures and dynamics of W are shown in Fig. 3 and in the animations included in the Supporting Text.
Base Pair and Mispair Geometries. Fig. 3 illustrates the triphosphate, Mg 2ϩ ions and the 3ЈOH nucleophile through the opening in the protein structure that represents a likely pathway for the release of the reaction product (pyrophosphate). This opening may also serve as an entrance for the catalytic ions Mg A 2ϩ and OH Ϫ (see also Fig.  1 ) after the dNTP⅐Mg complex becomes bound in the active site. The G⅐dATP (Fig. 3A) and T⅐dGTP (Fig. 3B ) mispair geometries are buried inside the protein. These geometries are representative examples of the structures generated by the MD simulation. Both mispairs occur in the T7 pol active site as an equilibrium between the nearly coplanar ''wobble'' base pairs forming two NOH⅐⅐⅐O hydrogen bonds (Fig. 3A) , and the strongly buckled nonplanar configurations (Fig. 3B) . The configurations of the type depicted in Fig. 3B are characterized by a lack of interbase hydrogen bonding and by the templating base being shifted into aqueous solution. The movie of the trajectory A2 of the T⅐dGTP pair (Movie 1) shows a buckled base pair without direct hydrogen bonds between the two bases. In contrast, a wobble T⅐dGTP base pair is more prevalent in the trajectory B2 (data not shown). This structural difference is reflected in a more favorable ⌬G bind for trajectory B2 (Table 8) .
The observed dynamics of the T⅐dGTP mispair in T7 pol also includes the flipping of the Lys-522 side chain from ␤-phosphate toward the N7 atom of dGTP, the loss of the intramolecular hydrogen bonding between 3ЈOH of dGTP and ␤-phosphate caused by the change of the ribose pucker in dGTP, a rotation of the 3ЈH atom of the primer around the 3ЈCO bond, and extensive motions of the Thr-523 side chain. In contrast, the triphosphate portion of the active site including Mg 2ϩ , Asp-654, Asp-475, Arg-429, His-506, and Tyr-526 appears to be quite rigid. Similar features are observed in the trajectory A2 of the G⅐dATP base pair (Movie 2), which depicts the dynamic equilibrium between the buckled and wobble base pair structures. The trajectories of R generally display smaller amplitudes in the motions of the base pair and the active site residues. All of the R base pairs retain canonical Watson-Crick geometries.
Substrate Binding and Catalytic Contributions to T7 pol Fidelity. The calculated absolute binding free energies (⌬G bind ) are presented in Table 1 . An extended series of calculations that provides an estimate of the error range is given in Table 8 . Among the dNTP substrates, the strongest binding was calculated for dGTP bound opposite to C. However, binding of dCTP opposite G is favored nearly as much. ⌬G bind values for T⅐dATP, G⅐dATP, and T⅐dGTP are less favorable because of weaker electrostatic and preorganization interactions. The calculated ⌬G bind values were used to determine the relative binding energy of W and R as ⌬⌬G bind ϭ ⌬G bind , W Ϫ ⌬G bind,R. These differences are related to the ratio of the dissociation constants (
where R and T are the universal gas constant and temperature, respectively. When T ϭ 298 K and ⌬⌬G bind is expressed in kcal͞mol (1 cal ϭ 4.18 J), Eq. 2 becomes
The contributions of ⌬⌬G bind to fidelity will be discussed below together with the chemical contribution.
To evaluate the chemical contribution, (k cat ) W ͞(k cat ) R , to the misinsertion ratio, it is necessary to determine the free energy profile along the reaction coordinate of the chemical steps. The results of these calculations are summarized in Tables 2 and 7 . The results reported in the first column of Table 2 correspond to a proton transfer to the bulk solvent at pH 7. The actual transfer of the proton can occur directly by diffusion of OH Ϫ to the active site as indicated in Fig. 1 or indirectly by means of a suitable protein residue, including Asp-654. We assume that the transition state (TS) for this proton transfer step is not the rate-limiting step for the overall reaction. According to the calculations, the free energy required to form the 3ЈO Ϫ nucleophile at pH 7 is in the range of 1.5-3 kcal͞mol, which corresponds to pK a of Ϸ8-9.5. There seems to be no preferential deprotonation for R compared with W.
After the deprotonation step, the reaction proceeds by the nucleophilic attack of 3ЈO Ϫ on P ␣ . This step leads [after the system surmounts the TS1 barrier] to the pentavalent phosphorane intermediate (I). The predicted equilibrium constant of I is 10 Ϫ3 to 10 Ϫ4 , with a lifetime of 10 Ϫ6 s. In the productive trajectory, the formation of I is followed by the departure of pyrophosphate by means of a TS2, leading to the product state (P). This step is rate-limiting for R and W. The two independent paths A and B yield consistent results for R, but one of the two trajectories leads to a reaction several orders of magnitude slower for W. Nevertheless, it is the pathway with the lowest energy that should determine the catalytic rate constant k cat . By using the free energies of TS2 from Table 2 we obtain k cat values of 500, 40, 300, 100, and 6 s Ϫ1 for the G⅐dCTP, C⅐dGTP, T⅐dATP, T⅐dGTP, and G⅐dATP pairs, respectively. Thus, there is about a 1-to 2-order-of-magnitude preference in the chemical step for inserting R over G⅐dATP, but little or no selectivity for R relative to the T⅐dGTP mismatch. Similarly, no preference for R over W emanates from the mechanism using Asp-654 to deprotonate the 3ЈOH terminal primer group (Table 7) . However, this mechanism generally yields a slower overall reaction than the general deprotonation mechanism.
The combined binding and chemical contributions determine the misinsertion ratio of T7 pol in the closed conformation ( Table 3 ). Binding that results in the formation of a G⅐dATP mispair is unfavorable by a factor of 2 ϫ 10 3 and 10 when compared with the formation of G⅐dCTP and T⅐dATP pairs, whereas T⅐dGTP binding is unfavorable by 6 ϫ 10 4 and 3 ϫ 10 7 compared with T⅐dATP and The binding free energy was calculated as differences between the simulations in the protein and in water (Eq. 1). The free energies in water (hydration free energies for the nucleoside moieties of dGTP⅐2Mg 2ϩ , dCTP⅐2Mg 2ϩ , and dATP⅐2Mg 2ϩ ) were determined as an average of the results from two independent 0.5-ns trajectories and equaled to Ϫ44.6 Ϯ 0.1, Ϫ38.3 Ϯ 0.1, and Ϫ34.1 Ϯ 0.1 kcal͞mol, respectively. The free energies in the protein were obtained as a weighted average over two 0.5-ns and two 5-ns independent simulations. Reported errors represent weighted standard deviations (see Table 8 ). The reaction considered here involves a general deprotonation of 3ЈOH (GPT) followed by the nucleotide transfer reaction. This reaction mechanism has been found to have the lowest overall activation barrier. The free energy of T7 pol complexed with the bound DNA and dNTP is defined as the reference (reactant) state (⌬g ϭ 0 kcal͞mol). The values for GPT reflect the deprotonation free energy of the 3ЈOH terminal primer group at pH 7. These results correspond to the average of the 0.5-ns forward and reverse trajectories. The activation barrier for the GPT step was not calculated. This barrier is assumed to be lower than the subsequent TS1 and TS2 barriers that correspond to the PO bond making and breaking processes, respectively. I and P denote the phosphorane intermediate and the product state, respectively. For TS1, I, TS2, and P states, the average free energy for the deprotonation step (obtained from calculations with different conditions) was added to the free energy on the pathway with the lowest rate-limiting TS (see Supporting Methods for energetics of individual trajectories and error analysis).
C⅐dGTP pairs, respectively. The calculated contribution to T7 pol fidelity from the chemical step is smaller than that from dNTP binding. Overall, correct base pairs are strongly favored regardless of whether the incorrect base is located in the template strand (e.g., G⅐dATP͞T⅐dATP) or is a part of an incoming dNTP substrate (e.g., G⅐dATP͞G⅐dCTP).
Discussion
To address the role of the chemical and conformational effects in controlling DNA polymerase fidelity, it is useful to describe the free energy landscape of the system as a function of two coordinates; one coordinate describes the protein conformation moving from an open to closed form, and a second coordinate describes the chemical reaction (Fig. 4) . The lowest free energy pathways for R and W determine the fidelity mechanism. For example, if the TS point R TSC is lower than R TS1 or R TS2 , then the conformational changes are not rate-determining. A ''brute-force'' calculation of the complete surfaces, as presented in Fig. 4 , would have been extremely difficult. Instead, we have simulated only few critical sections of this surface for R and W. The actual surface between these sections can then be interpolated by using the LRA approach.
Our current results map the minimum free energy pathways of R and W along the chemistry coordinate within the closed protein conformation. These pathways are schematically depicted in Fig. 4 by full and dashed lines starting at the closed reactant state (R CR and W CR ) and ending at the closed product state (R CP and W CP ) for R and W, respectively. TS1, TS2, and an intermediate state along these lines correspond to those given in Table 2 . The pathway for chemistry at the open protein conformation has not been calculated, although ternary protein complexes that could provide a suitable starting point for such calculations are available (47) .
Thus, at present we can only estimate the activation barriers in the fully open conformation by assuming that these barriers are similar to the barrier for the corresponding reaction in aqueous solution. This estimate places the barriers at R OI and W OI at Ϸ27 kcal͞mol (34) .
ʈ Because the rate-limiting barrier in R (TS2) is Ϸ10 kcal͞mol (relative to R OR ), we obtain an insertion fidelity of 10 12 if W chemistry were to occur in a fully open configuration. In view of the fact that this estimate is much larger than the observed fidelity, we conclude that the chemical step in W does not occur through a fully open configuration. Because the calculation indicates that the insertion of a W nucleotide is unlikely to occur from the fully closed conformation (see below), we suggest that nucleotide misinsertions may occur from a partially open conformation (Fig. 4, dotted line) .
Although conceptually important, the closed conformation section of the free energy surface of W (Fig. 4 , dashed line) may yield an activation barrier for chemistry that is different from the actual barrier derived form the dotted line in Fig. 4 , which corresponds to the hypothetical correct reaction coordinate. Depending on the actual curvature of the surface in the TS and reactant regions, the calculated barrier for the fully closed configuration may be larger or smaller than the calculated barrier along the actual reaction coordinates. Fig. 4 shows a schematic case when the barrier for the closed form is smaller than the barrier for a partially open configuration. The fidelity calculated for this surface might show a small or perhaps even no contribution to fidelity from the chemical step while having a large contribution from differences in dNTP substrate binding. Such a dominating substrate binding dicrimination has been obtained for the T⅐dGTP mispair. In this case, the total calculated misinsertion ratios should not be significantly different from the observed ones because the sum of the binding and chemical components is much less sensitive to the nature of the R and W surfaces than its individual components. The above compensating effect is indeed apparent in the calculated misinsertion ratios for T⅐dGTP͞T⅐dATP and T⅐dGTP͞C⅐dGTP (Table 3) , which are in good agreement with an average insertion fidelity of 10 Ϫ6 observed for T7 pol (12) .
ʈ The estimate of the barrier in the open state was derived from the energetics of the hydrolysis of phosphate diesters in neutral aqueous solution, corrected for having a deoxyribosyl attacking group and pyrophosphate leaving group. Furthermore, the estimate takes into account the catalytic effect of having an Mg 2ϩ ion in solution and assumes a zero contribution from translational entropy. The reference state is defined as open reactant state; i.e., ⌬g(WOR) ϭ ⌬g(ROR) ϭ 0. Tables 8 and 9 ). The estimated statistical uncertainty of the total ⌬⌬G is Ϯ3 kcal͞mol (see Supporting Methods). The misinsertion ratio was calculated by (k cat͞KD)w͞(kcat͞KD)R. A more detailed comparison of the observed and calculated misinsertion ratios is precluded by the sequence context dependence of nucleotide misinsertions. Here, kinetic experiments for the DNA sequence present in the T7 pol ternary complex crystal structure are required. The encouraging agreement between the calculated and observed fidelity indicates that, at least for the example considered here, the fidelity may not be controlled by an enzyme conformational change because two steps, phosphodiester bond chemistry and equilibrium dNTP binding, seem capable of reproducing the magnitudes of T7 pol fidelity for a range of base pairs and mispairs.
Although schematic, the surfaces in Fig. 4 were drawn with realistic features that were either consistent with our assumptions or inferred from our calculations. These features include a relatively stable R CI and W CI structures, similar energies of the TS1 and TS2 structures, and an overall rate that is limited by TS2 for R and W. TS2, which corresponds to the departure of the leaving group, is ''early'' in the sense that the nonbridging oxygens of the ␣-phosphate retain their phosphorane-like bond angles, but the P ␣ -O lg distance of 2.2 Å is indicative of late TS (Fig. 3C) . The developing negative charge on the leaving group is stabilized by the interaction with several positively charged amino acid residues, Mg B , Tyr-526, and the 3ЈOH group of dNTP. Additional electrostatic stabilization is provided by neighboring main-chain dipoles of the Gly-478, Leu-479, and Glu-480 residues that are oriented with the hydrogen atoms of their NH groups facing the pyrophosphate (Fig. 3C) . Because the carboxylate group of Glu-480 is positioned near the minor grove edge of the base pair formed by dNTP, this group provides a structural element that could link the TS stabilization with the recognition of the correct base.
A more complete analysis of the relationship between the chemical and conformational effects will require calculations of the free energy profile for the chemical process in intermediate configurations between the open and closed structures. Because direct attempts to generate these configurations by MD simulations may result in nonphysical structures, it may be preferable to use indirect approaches. One can, for example, use structural information for open and closed observed structures (47) as constraints in LRA calculations of the type used recently in a study of F 1 -ATPase (7). We believe that this type of approach has significant potential for resolving the relative role of conformational and chemical effects.
Conclusions
This paper provides an example of the potential of computer simulations in exploring biological problems. Other examples are given elsewhere (3, 9) . Here we have calculated the fidelity of the correct and incorrect nucleotide incorporation by T7 pol in its closed conformation. The calculations provide a consistent theoretical description of the binding and microscopic chemical steps. Consistency was achieved by defining the chemical steps as an extension of the ground state trajectories that were used for binding simulations and by using the same protein and DNA force field and boundary conditions for the binding and chemical steps. Because two reaction mechanisms, each with three sequential reaction steps, were examined for each base pair, an important challenge was to obtain sufficiently accurate free energies.
The calculations showed reasonable stability for the overall misincorporation ratios. The selectivity against the G⅐dATP mispair was found to originate from nucleotide substrate binding and from chemistry, whereas the T⅐dGTP mispair was strongly disfavored in the binding step but not in the chemical step. It appears that in the latter case, the calculations overestimated the binding and underestimated the chemical contribution while still producing the experimental trend in the sum of these contributions. A possible way to explain these results is to postulate that the incorporation of T⅐dGTP mispair occurs from a partially open protein conformation. The structural and dynamical factors affecting the calculated results and the interplay between the theory and experiment were discussed. With respect to the origin of nucleotide insertion fidelity, we have demonstrated that for T7 pol, considering the same closed protein conformation for R and W reproduces the primary experimental observations. Perhaps the conformational changes associated with moving the enzyme to its closed form may not constitute a major factor in the control of the replication fidelity.
The present study is intended as a work in progress along a path toward deriving a quantitative understanding of the origin of DNA replication fidelity. We are not yet at a stage where the computational analysis can be regarded as definitive, nor have we provided a complete analysis of the fidelity problem. Nevertheless, the present study provides compelling evidence that, even for the challenging task of elucidating the origins of DNA synthesis fidelity, there is much to be learned by performing computer aided structure-function correlation analysis. Combining computer simulations with structural and kinetic approaches should provide a more complete description of protein function, including the extent to which complex protein conformational changes contribute to enzyme mechanism. For the example of DNA polymerases, we believe that this type of synergistic approach may eventually lead to a quantitative picture of the molecular origin of replication fidelity.
